Monosodium titanate (MST) is an inorganic sorbent/ion exchanger developed for the removal of radionuclides from nuclear wastes. We investigated the ability of MST to bind Cd(II), Hg(II), or Au(III) to establish the utility of MST for applications in environmental decontamination or medical therapy (drug delivery). Methods: Adsoprtion isotherms for MST were determined at pH 7-7.5 in water or phosphate-buffered saline. The extent of metal binding was determined spectroscopically by measuring the concentrations of the metals in solution before and after contact with the MST. Cytotoxic responses to MST were assessed using THP1 monocytes and succinate dehydrogenase activity. Monocytic activation by MST was assessed by TNFα secretion (ELISA) with or without lipopolysaccharide (LPS) activation. Results: MST sorbed Cd(II), Hg(II), and Au(III) under conditions similar to that in physiological systems. MST exhibited the highest affinity for Cd(II) followed by Hg(II) and Au (III). MST (up to 100 mg/L) exhibited only minor (< 25% suppression of succinate dehydrogenase) cytotoxicity and did not trigger TNFα secretion nor modulate LPS-induced TNFα secretion from monocytes.
INTRODUCTION
Monosodium titanate (MST) is an inorganic substance first prepared by Lynch, et al by a solgel process. 1 Modification of the original synthetic conditions produces particles that are roughly spherical with diameters ranging from 1-10 µm (Fig. 1) . The particles have a 'fuzzy' appearance, which is a manifestation of a highly porous surface. The porosity of the surface extends about 500 nm into the particles, but the cores of the particles are discontinuous from the surface.
MST strongly adsorbs or ion exchanges with a number of metallic species in a variety of aqueous matrices. 2 For example, MST has high affinity for strontium and actinide ions in the presence of a high sodium salt matrix with a free hydroxide concentration in excess of one molar. 3 Testing indicates that the metal ions form strong inner sphere complexes through the oxygen atoms of the titania. 4 Thus, this material is an excellent sorbent/ion exchanger for the separation of the radionuclides (e.g., 90 Sr, 239 Pu, 237 Np and 238 U) from waste solutions from spent nuclear fuel reprocessing operations. 5 The affinity of MST for biometals is largely unstudied, but MST may have utility for metal detoxification in biological or wastewater environments. To investigate metal sorption under conditions relevant to biological systems, we measured adsorption isotherms of MST for three biometal ions: Au(III), Hg(II) and Cd(II). Mercury and cadmium ions are toxic contaminants of both organisms and environmental systems. [6] [7] [8] A number of gold compounds have been used as therapeutic agents, particularly for the treatment of rheumatoid arthritis. 9 In the current study, we used loading isotherms to assess the affinity of MST to adsorb these three metal ions at pH 7 in both water (relevant to environmental applications) and a phosphate-buffered saline (relevant to living organisms). For gold, we assessed the reversibility of binding to determine if
MST may be a plausible drug delivery device. Finally, we assessed the cytotoxicity and phagocytic activation potential of MST which has not been determined previously, but would be
MATERIAL AND METHODS

Titanate-MST Loading Isotherms
Monosodium titanate (MST, NaTi 2 O 5 H) was supplied as an aqueous suspension containing approximately 15 wt.% solids (Optima Chemical Group, Douglas GA). The pH of the aqueous suspension measured 11.7. Organic content of the suspension was less than 500 ppm. For all experiments, we adjusted the pH of the MST suspension to 7.0-7.5 using reagent grade nitric acid (Fisher).
Experiments to measure MST-metal ion adsorption were performed using deionized, distilled water (Milli-Q Element water purification system). Control bottles containing no MST confirmed no sorption of the metals by the bottles. We varied the phase ratio of MST solids to metal salt solution from 15 to 3300. After combination, the mixtures of MST and metal salt solutions were sealed and incubated with shaking for 48 h at 20 ± 2°C (LabQuake Model #4002110 shaker, Barnstead /Thermolyne). After 48 h, the suspension was filtered through a syringe filter with a 0.45 µm polyethersulfone filter membrane.
Filtrates were placed in clean plastic sample bottles and analyzed for gold or cadmium content using inductively-coupled plasma-emission spectroscopy (ICP-ES) or mercury by means of cold vapor atomic absorption spectroscopy (CVAA).
For gold, additional adsorption and desorption experiments were done to assess the potential of MST as a drug delivery device. First, we determined loading of a second gold compound used in the treatment of arthritis, auranofin (AF, triethylphosphinegold(I) tetraacetatothioglucose, Alexis Biochemicals) in PBS at phase ratios of 100 and 18.6 mL/g of MST. Second, we assessed the ability of Au(III) to desorb from the MST as follows. We adjusted the pH of the MST slurry to a pH of 4.24 to promote initial adsorption of Au(III). MST (0.10 g) was combined with 10 mL of a 3.0 mM solution of HAuCl 4 in water, with the pH of the mixture adjusted to 4.35 with 0.1 N NaOH. The mixtures were sealed and incubated for 48 h as described above. The suspensions were centrifuged to remove the MST-Au product, then suspended this product in 10 mL of PBS and adjusted the pH to 7.0. These mixtures were sealed and incubated with shaking for an additional 48 h, after which the MST solids were removed from the PBS and the PBS and assayed for gold as described above.
Loading isotherms were constructed by plotting the amount of metal bound to the MST (mmol metal ion/mmol MST) versus the final concentration (mM) of metal in the MST-metal salt mixture. Approximate loading capacities were determined graphically by noting the concentration at which increases in metal loading did not result in increased MST loading and noting the amount of metal ion loaded onto the MST at that concentration. Errors in the points defining the loading isotherms were determined using standard methods of error propagation from the uncertainly in metal ion measurements. In some cases, saturation was not observed.
Cell-culture/Cellular Activity
Cytotoxic responses to the MSTs were assessed by exposing human monocytic cells (THP1, ATCC TIB 202) to suspensions of MST in cell-culture medium ranging from 0.1 to 100 mg/L for 24-72 h, after which cellular mitochondrial activity was estimated via succinate dehydrogenase (SDH) activity. Monocytic cells were chosen as prime targets of MST in any therapeutic application (e.g., blood decontamination) or because they would be exposed in tissues loaded with MST used as drug delivery devices. Furthermore, monocytes were used to assess the ability of the MST particulate to cause phagocytic activation (see next paragraphs).
THP1 monocytes were cultured in RMPI 1640 with 10% fetal bovine serum, with 2 mmol/L glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin, all at pH 7.4 (Gibco BRL).
Cells (250,000 cells/mL in 0.2 mL) were plated in 96-well format (n = 8), adding MST from concentrated stocks and incubating for 24-72 h at 37° C, 5% CO 2 , and 100% relative humidity.
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After incubation, SDH activity was assessed via the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, Sigma, 1252) method as previously published. Controls received no MST, and SDH activity of controls were used as a basis for normalizing SDH activity of the MST-exposed cultures. MST concentrations of interest were compared with the controls using 2-sided t-tests (α = 0.05).
To assess the ability to MSTs to activate or modulate secretory responses of monocytes, MSTs (1-30 mg/L) were exposed to THP1 monocytes (250,000 cells/mL) for 72 h (n = 3), after which medium was collected, centrifuged (1000 x g) to remove cells and titanates, and tested for TNFα content (an inflammatory cytokine secreted from activated monocytes) using enzymelinked immunosorbent assays (ELISA, R&D Systems, detection limit 4 pg/mL). Negative controls received no MST, and positive controls received 1 µg/mL of lipoloysaccharide (LPS, E.
coli, serotype 0111:B4, Sigma) for the last 6 h of titanate exposure. To assess the ability of the MST to modulate activated monocytic secretion, MSTs were added to cultures as above (n = 3), with LPS added for the last 6 h. In all conditions, the amount of secreted TNFα was expressed as a percentage of the +LPS controls, and conditions were compared using ANOVA and Tukey post-hoc analysis (α = 0.05). to 36% upon an increase in the quantity of MST contacted with the auranofin solution ( Table 2) .
RESULTS
Adsorption
Desorption
Because gold compounds have been used medicinally, we studied the desorption of Au(III) from MST to assess the potential of using MST as a drug delivery agent. Au(III) showed little tendency to desorb (1.2 -2.3%) in an aqueous environment; however, 21% desorption occurred after 48 h in PBS.
Biological response
The MSTs themselves caused low cytotoxicity in THP1 monocytes ( Table 1 ). We observed this order in both water and PBS. For Hg(II) and Au(III) in water, we could not determine exact values for loading capacities as the loading values continued to rise at the highest phase ratios tested. Thus, the loading capacities are equal to or greater than the values reported in Table 1 .
The theoretical capacity for MST based on the complete exchange of all sodium ions is 5.0 milliequivalents per gram of MST. For a divalent cation such as Cd(II) or Hg(II) and a trivalent cation such as Au(III), the theoretical capacity of the MST is 2.5 and 1.8 mmol/g I respectively,
Thus, under the conditions tested in the current study, Cd(II) loaded to about 70% of its theoretical capacity in water and 45% in PBS. Similarly Hg(II) loaded to ca. 36% of its theoretical capacity in water and 16% in PBS and Au(III) loaded to ca. 27% and 12% of its theoretical capacity in water and PBS, respectively. Given these relative loading values, we conclude that MST exhibited a higher affinity for Cd(II) and similar affinities for Hg(II) and Au(III).
This trend is consistent with the relative strength of metal-oxygen bonds. In general, Cd(II)
forms stronger bonds with oxygen than either Hg(II) and Au(III).
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We attributed the trend of reduced loading capacity of the metals in PBS compared to water to the formation of complex ions in the PBS solution. In water, the predominant metal ion species is the aquo ion, M(H 2 O) 6 n+ . In the PBS solution, the presence of chloride and phosphate will produce complex ions, such as the tetrachlorodiaquo ion, MCl 4 (H 2 O) 2 n-. For example, Cd(II), Hg(II) and Au(III) are known to form stable chloride complexes in aqueous solutions. 12 Since we observed lower loading of the metals in PBS compared to water (Table   1) , we suggest that the complexed form of the metals exhibited lower affinity for adsorption or ion exchange with the MST compared to the aquo form of the metal ion.
Metal loadings typically measure between 1% and 10% of the theoretical capacity upon contact of MST with high level nuclear waste solutions. 13 The measured metal loading values in the current study were 25 -70% and 12 -45% of the theoretical capacity in water and PBS solution, respectively. The relatively high metal loadings indicate that MST exhibits high affinity for Cd(II), Hg(II) and Au(III) under near neutral pH and the presence of a buffered saline solution. Thus, we believe that MST may be ideally suited to remove metals from solution in physiological systems.
Testing also showed that the MST exhibits an affinity for auranofin, which is one of several gold compounds that are used therapeutically. This compound contains gold in the monovalent oxidation state, Au(I). Au(I) is bound to a phosphorus of the triethylphosphine ligand and a sulfur of the tetraacetatothioglucose ligand. Unlike tests with Au(III), higher uptake of gold was observed in the PBS (23%) solution than that measured in water (11%). This result suggests that the auranofin may interact with the PBS solution to produce a species that exhibits higher affinity for sorption or ion exchange with the MST.
In addition to metal removal, MST may also serve as a means to deliver therapeutic metals.
To test this possible application, we sorbed Au(III) onto MST at a pH of 4, isolated the solids and then contacted the Au-loaded MST solids in separate tests with water adjusted to a pH of 7.3 and a PBS solution (pH = 7.3). In both tests, a portion of the gold desorbed from the MST and dissolved into the test media. Desorption of the gold proved higher in PBS (21%) compared to water (1.2 -2.3%). Since the test featured only a single contact time for desorption, we do not know if desorption would increase with longer exposure time. However, based on these results we conclude that release of metal ions can be accomplished with a metal-loaded MST. Our results are promising, given that Au(III) is not used therapeutically because its systemic toxicity is too high.
14 MST showed mild cytotoxicity at concentrations between 0.1 and 50 mg/L (Fig. 5 ), but the recovery of SDH suppression for all three exposure times suggested some artifact. SDH suppression was slightly more pronounced with time, as might be expected. The apparent reversal of SDH suppression at 50 and 100 mg/L could have been from clumping of the particles, thereby reducing surface area and effective concentration. In any case, the SDH suppression was not severe by most standards used in these types of assays, 15 and was not sufficient to trigger or suppress LPS-triggered TNFα secretion (Fig. 6) . Thus, preliminary results were positive overall for further investigation into possible use of MST in biological applications.
In summary, the current study demonstrated a potential application of monosodium titanate (MST) as a scavenger of biometals such as Cd(II) or Hg(II), and as a drug delivery source for Au(III). Although preliminary, tests for biological toxicity were favorable for further development of these unique materials. . Secretory response of human monocytic cells (THP1) to monosodium titanate particle suspensions ranging from 1-30 mg/L. THP1 cells were exposed to the titanates for 72 h, with or without lipopolysaccharide (LPS, 1 µg/mL) activation for the last 6 h. TNFα was measured in cell-culture medium supernatants using standard ELISA techniques. TNFα secretion was expressed as a percentage of +LPS controls (100%). Error bars (not always visible) represent standard deviations (n = 3). Within +LPS or -LPS groups, there were no statistical differences between titanate concentrations (ANOVA, Tukey post hoc, α = 0.05).
